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We consider the phenomenological consequences of sampHng muhiple vacua during inflation moti- 
vated by an enormous landscape. A generic consequence of this sampling is the formation of domain 
walls, characterized by the scale ^ of the barriers that partition the accessed vacua. We find that 
the success of Big Bang Nucleosynthesis (BBN) implies > 10 TeV, as long as the sampled vacua 
have a non-degeneracy larger than ©(MeV*). Otherwise, the walls will dominate and eventually 
form black holes that must reheat the universe sufficiently for BBN to take place; in this case, we 
obtain ^ > lQ~^Mp. These black holes are not allowed to survive and contribute to cosmic dark 
matter density. 



Various theoretical considerations have led to a picture 
of string theory with a gigantic number of solutions, re- 
ferred to as the "Landscape" of vacua 0. This picture 
was motivated in part by the construction of cosmolog- 
ical vacua in Refs. |j, and the dense "discretuum" 
in Refs. ^. To confront the vast landscape of string 
vacua, a statistical approach has also been proposed 
Despite progress, a detailed understanding of the topog- 
raphy of the landscape (such as the distribution of min- 
ima and the heights of the barriers) remains elusive. 

Usually, effects due to the multitude of vacua in the 
string theory landscape are relegated to the eternal infla- 
tionary phase in the cosmological history of the universe. 
Once the universe enters the last stage of inflation (that 
includes the last 60 e-folds), the multiple vacua cease to 
have any effect, and the universe classically evolves to- 
wards a single vacuum in the landscape. Portions of the 
universe in different vacua are exponentially far away 
from each other and the landscape seemingly does not 
leave any imprints on the post-inflationary cosmology. 
Such scenarios have been considered, e.g., in Ref. |Q. 

Since inflation is a well-motivated ingredient of a con- 
sistent cosmology and is strongly supported by data, we 
assume that it is part of the cosmic history. The infla- 
tionary universe is generically characterized by enormous 
energy scales, at which other vacua may be accessed. The 
presence of an enormous landscape can then be expected 
to affect cosmic evolution. In this Letter, we consider the 
general possibility that the fundamental description of 
Nature entails a large landscape of vacua, some of which 
may be accessible during the last 60 e-folds of inflation. 
We then inquire how this premise affects the cosmological 
evolution of the universe. 

Inflationary vacuum-sampling may proceed in a variety 
of fashions. For example, during inflation, characterized 
by a Hubble constant H, a light field S of mass < H 
develops de Sitter fluctuations SS ^ H and may sample 
the local landscape. In many situations, like in mini- 
mal models of supersymmteric inflation, there are non- 
inflaton fields that are light during inflation with masses a 
few orders of magnitude below H. Such fields and their 



cosmological effects have been studied, for example, in 
Refs. [0, ||. If one starts with an initial condition where 
S is in one of the minima, given a modest number of e- 
folds, the field can get delocalized and make excursions 
to other vacua, for example because: (i) the neighboring 
vacua are separated by barriers that are shallow or (ii) 
due to resonance effects, tunneling transitions between 
certain vacua take place unsuppressed. Such effects have 
recently been utilized in the work of Ref. . 

A demonstration of the relative likelihood of the above, 
or other, mechanisms for vacuum sampling requires a de- 
tailed knowledge of the fundamental description of how 
the landscape topography is generated microscopically 
and is not within the scope of this work. However, it 
has been argued that a large number JV > 10^^° of vacua 
may be necessary to accommodate a Cosmological Con- 
stant (CC) of order (10~'^''Mp)^, as inferred by the size 
of dark energy density. In fact, the success of Weinberg's 
prediction [|lO[ for the approximate order of magnitude 
of the CC may point to a more dramatic possibility that 
our local region of the landscape is a dense attractor 
|pd| , p^ , [l3| . Similar attractor behavior also seem to ap- 
pear in the landscape of flux vacua ^ |6|. Given 
such a large number of vacua, one may expect that a few 
local directions will be accessible to vacuum sampling 
during inflation. Given these considerations, we take the 
possibility of more than one vacuum being accessed dur- 
ing inflation to be a plausible assumption and will study 
its phenomenological consequences. 

We expect vaccum sampling to be important only dur- 
ing inflation. For example, if sampling is mediated by 
the above mentioned light scalar S, after inflation, this 
field no longer has de Sitter fluctuations and settles down 
to one vacuum. Quite generally, we expect each causal 
patch of size to settle into a different accessible vac- 
uum . At the end of inflation and henceforth, we expect 
each patch will follow the usual single- vacuum evolution. 
However, different causal patches will be separated by do- 
main walls. The future evolution will depend on whether 
the walls percolate or not. This depends on the rela- 
tive population of each vacua, i.e. the number of Hubble 



patches that end up in different vacua. For two vacua, 
the relative population in each vacuum should be above 
0.31 for percolation to happen. Presumably, the relative 
population will depend on the split in the degeneracy 

between the vacua. For example, for the case where 
the sampling of vacua happens due to Hubble fluctua- 
tions allowing the field to hop over small barriers, the 
ratio of populations will go as exp(— e/i?). Note that e 
is bounded by the height of the barrier, which for sam- 
pling to work, should be of the order H or less. For 
e an order of magnitude below iJ, the relative popula- 
tions easily satisfy the condition for percolation. If the 
walls percolate, the universe will consist of a long infi- 
nite wall of a complicated geometry stretching across the 
3-dimensional space, and there will be a distribution of 
finite clusters of walls. For e close to H percolation might 
not happen. If the walls do not percolate, then there will 
just be clusters (bags of domain walls enclosing one type 
of vacuum within and the other type of vacuum outside) 
of various sizes. The clusters should go away by the time 
of Big Bang Nucleosynthesis (BBN). 

From now on we consider the case in which the domains 
percolate and horizon-sized domain walls form. The ten- 
sion of these domain walls depends on the moduli, set by 
the local topography of the landscape. These walls can 
in principle lead to serious problems for cosmology [ p7| . 
First of all, they can quickly come to dominate the energy 
density of the universe and disrupt radiation domination 
that must set in, say, by the time of the BBN. Secondly, 
if the walls exist after recombination, unless their tension 
is below (MeV)'^, they would lead to large anisotropics 
in the cosmic microwave background radiation. 

Therefore, it seems that our picture has led to an unac- 
ceptable state for the early universe. However, this is not 
necessarily the case. Domain walls are only stable if they 
come from spontaneously broken discrete symmetries. In 
that case, the various domains are degenerate vacua of 
the theory. During vacuum sampling of the landscape, 
however, there is no symmetry that would require differ- 
ent causal patches to have the same vacuum energy. If the 
vacua are not degenerate, as is well-known |l9|, the 
unwanted walls can be pushed away into the false vacuum 
regions, by the pressure from the energetic bias, result- 
ing in a universe dominated by the true vacuum. We will 
next study the phenomenological constraints that these 
considerations may impose on the local landscape. 

The above solution to the domain wall problem is usu- 
ally based on a scenario in which the universe is parti- 
tioned into two phases by a typically complicated domain 
wall. The two-phase universe is a result of percolation, a 
process that depends on the relative probability for each 
phase to emerge in a given causal patch. The situation 
resulting from vacuum sampling of the landscape could, 
in principle, be more complicated. It is a possibility that 
a sufficient number of local minima might be accessible so 
that the domain walls are approximately (as these sym- 



metries are not exact) of the type Z^, with N > 2. Zpf 
domain walls typically consist of configurations of N do- 
main walls attached to a string |Q . 

To have a more transparent analysis of the domain wall 
problem, let us consider the simple case of only two ac- 
cessible vacua at the end of inflation. This corresponds to 
having two dominant vacuum populations, one of which 
leads to our universe. Our treatment follows considera- 
tions similar to those in Ref. The wall formation 
happens at the end of inflation (as access to multiple 
vacua is lost), given by the time scale 

t^f ^ti^ l/H, (1) 

where the subscript / denotes the end of inflation. Here, 
H ~ Mf/Mp, where Mj is the is the inflationary scale, 
and the Mp is the A-d Planck scale. We will assume that 
the wall is flat over a causal patch. Thus, the energy den- 
sity in the wall, characterized by a scale /x, is given by 
Pw ^ P-^ /t- t is given by the size of the causal patch. The 
radiation energy density is then given by pr ^ Mp/t^. 
We take the universe to be initially radiation dominated, 
which is a typical assumption [ p^ . Domain wall domina- 
tion (ptu > Pr) begins at a time scale 

tn,d - Ml/^i"^. (2) 

Until time t^di the evolution of the post-inflationary uni- 
verse is governed by radiation domination; a oc t^/^, 
where the scale factor is denoted by a. 

Once the domain walls form, they can lead to two alter- 
native cosmologically viable scenarios. The first scenario 
requires that vacuum states separated by walls do not 
have degenerate energy densities. As we discussed be- 
fore, if e ~ iJ, percolation might not happen, and then, 
as we shall show, the clusters of domain walls will dis- 
appear automatically. We now consider the case where e 
is small compared to H such that percolation does hap- 
pen. As a toy model of the landscape we consider just 
two vacua with an energy density difference e*. Here, we 
require that the walls disappear before they dominate 
the universe. This can happen if e > e, which we shall 
now determine. The bias e becomes important at time 

when the volume energy in the domain wall is of the 
order of the surface energy: 

U - pV^'- (3) 

This energy bias will make the lowest energy vacuum 
prevail and make the domain walls disappear. Requiring 
< t^d, we get 

et ~ pVm], (4) 

However, we still do not want the walls to disrupt well- 
established cosmological processes. Thus, we conser- 
vatively require that the walls disappear before BBN: 
twd < tpBN- This yields ^ > 10 TeV ; > MeV. 
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If e < e,t, we have the second scenario. The universe 
becomes domain wall dominated at f ~ twd and the do- 
main walls grow till there is a gravitational instability 
that makes them collapse into black holes. In fact, the 
time at which the wall collapses to black holes coincides 
with tyjd, i-e. tcoiiapse = twd- To see this let us first es- 
timate the mass of a black hole thus formed. Consider a 
sphere of radius R centered on the wall. The mass of the 
wall inside the sphere is given by M{R) R'^^^. (We as- 
sume that the energy due to the bias e at such radius R is 
less than that due to the wall tension. This is a justified 
assumption since e < e* and the collapse happens before 
the volume term dominates.) The radius grows and when 
R = R^f^r~. Ml/ the condition Mp^M{R) = R wiU be 
satisfied and the wall will collapse into a black hole. The 
mass of the black hole is 



Mbh ~ {Mp/i^fMp 



(5) 



Now if we use the time dependence of i?, i? ^ t, then 
we see that the time at which the wall collapses to black 
holes is given by tcoiiapse ~ M^/n^, coinciding with t^a- 
When the wall is about to become the dominant form of 
energy, it collapses into black holes. The universe will 
now become black hole dominated. However depending 
on how light these black holes arc, they can quickly evap- 
orate. The time scale for black hole evaporation is 



Tbh 



Ml 



/Mt 



(6) 



If the wall tension is set by /i ^ \Q~^Mp, which can be a 
reasonable string scale M^, then we see that black holes 
will evaporate within Tbh ~ 10~^^ s. 

An interesting outcome of the above process is that 
black hole evaporation can reheat the universe to high 
temperatures again. Thus, vacuum sampling may lead 
to landscape- assisted reheating. To sec this, we note that 
at formation, the energy density in black holes is 



(7) 



After the collapse of the walls into black holes at t^di the 
evolution of the scale factor is that of a matter dominated 
universe. Therefore, at the time of black hole evaporation 
Tbh, the scale factor is given by 



^wd 



Tbh 
twd 



2/3 



Mp 
/i 



(8) 



Thus, the energy density locked up in black holes just 
before their decay, which we approximate as an instan- 
taneous event, is 



(9) 



If we assume that the above energy density is converted 
into radiation at t ~ Ti,h, then the resulting temperature 
of the universe is estimated by 



For ^ = IQ-^Mp, as before, we get T,.,i ^ 100 TeV, 
far above the weak scale, which is an acceptable reheat 
temperature. Trh should be at least of order 1 MeV to 
allow for the BBN. Hence, wc conclude that to exit black 
hole domination gracefully, we must demand > /x« ~ 
10~^Mp. Even if reheating can be acheived by the in- 
flaton instead of black holes, for /i below this boimd, the 
universe would not have exited the black hole domination 
phase quickly enough to allow for standard BBN. 

One could envisage a situation where there is a distri- 
bution in the masses of the black holes such that some 
of them might survive till today. These black holes es- 
sentially provide bridges to neighboring minima of the 
landscape while they exist. The spectrum of the masses 
of the black holes will depend on the detailed structure 
of the local string landscape. Depending on the spread in 
the heights of the barriers between neighboring minima, 
there will be a spread in black hole masses. However, 
as we shall see now, even with a mass distribution, all 
black holes should evaporate by reheating. That is to 
say, the heaviest black hole population (resulting from 
the collapse of the walls with the least tension) must be 
responsible for post-inflationary reheating. 

To demonstrate this point, let us consider a bimodal 
distribution of wall tensions with walls of type A with 
mass scale ha and wall of type B with tension hb- 
We would like wall A to reheat the universe via the 
evaporation of the black holes it would collapse to. So 
the previous analysis regarding black hole assisted re- 
heat applies to wall A. The reheat energy is given by 
Preheat ^ Myf /-^p*- Now WC would like to scc if the black 
holes formed due to the collapse of the wall B can be en- 
tirely responsible for dark matter. For these black holes 
to have survived till today, we must have hb << Pa- 
This justifies the neglect of wall B when we derive the 
reheat scale. The time of collapse of wall B into black 
hole B be tf^n^p^^ ^ M^/fig. However, just as for wall 
A, the i^Hopse ^^^^ coincide with the time when wall B 
begins to be the dominant form of energy in the universe. 

To see this, one just has to realize that at all stages of 
the cosmological evolution, the energy density is redshift- 
ing as 1/t^. First there is a radiation dominated stage, 
followed by a black hole A dominated stage, followed by 
another radiation dominated stage due to reheat, and 
then at some time wall B begins to dominate. The con- 
dition for wall B domination is still Mp/t^ ~ P'%/t, i-e. 
t^d - Ml/n%. 

Hence, the time at which the energy density begins to 
be the dominant energy contribution exactly coincides 
with the time at which wall B collapses to black hole B 
and becomes the dominant component. Since we would 
like to use black hole B as dark matter, this time must 
be the time of radiation-matter equality, at Teq ~ 1 eV: 

(11) 



twd ~ ^collapse ^ ^p/Mb ^ Mp/T^ 



eg- 



Trh ~ [PbhiUh)]'^^. 



(10) This fixes the value of the mass scale of wall B, 
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Hb ^ ^ GcV. The mass of the resuhing black holes is 
{Mp/nBf Mp ~ W^Mq, where Mq ~ lO^o kg is the 
solar mass. Such black holes are too heavy to make dark 
matter, since a typical galactic mass is of order IQ^^Mq. 

Incidentally, this leads to a no-go theorem for walls 
that form around inflation to give dark matter via col- 
lapse into black holes. Let us consider k different black 
holes with different tensions. We would like the last sur- 
viving black holes to give dark matter. All the previ- 
ous black holes just release energy into radiation as they 
evaporate. However, as we have seen above, the time of 
the collapse of a wall into black holes exactly coincides 
with the time when the wall begins to be the dominant 
form of energy. This time is given by t ~ Mp/jj.^. How- 
ever since we want these blackholes to be dark matter, 
t ^ Mp/T^y, the time of radiation-matter equality. This 
fixes the mass of the black holes to be lO^^M©. Hence, we 
have a no-go theorem: Walls that form from inflationary 
vacuum sampling cannot yield black hole dark matter. 

The minimum bias e* ~ MeV we have derived sug- 
gests that unless the sampled vacua have large vacuum 
energies compared to that in our observable universe, we 
end up in a black hole dominated universe. In this case, 
the walls must be predominantly characterized by a scale 
larger than /i* ^ 10~^ Mp. Put another way, either none 
of the vacua in our local landscape are accessible to in- 
flationary sampling, or else all the accessible ones have 
large cosmological constants or high barriers. The above 
bounds are at best rough estimates and subject to well 
defined assumptions. However, because the basic ingre- 
dients leading to these conclusions are general relativity, 
inflation, and quantum mechanics, the above considera- 
tions point to possible bottom up constraints on the fea- 
tures of the local landscape. It is to be noted that even 
in the first scenario, where wall domination is avoided by 
having a bias in the vacuum energies of the vacua, we 
derived a lower bound on the wall tension /i 10 TeV 
by requiring that the walls be gone before BBN, as a 
minimal normalcy condition. 

In siimmary, we assiimed that one or more efficient 
ways of transit to other landscape minima exist and ac- 
cess to a few vacua during infiation may well be plausible. 
This assumption is motivated by the large number of pos- 
sible neighboring vacua and the closeness of infiationary 
and string scales. We examined domain wall formation, 
as a generic consequence of vacuum sampling during in- 
fiation. The fasle vacua can be pushed out given a bias 
between the sampled vacuum energies. BBN consider- 
ations point to a minimum bias of order MeV"*^. The 
barriers are then characterized by a minimum scale of 
order 10 TeV. In the absence of the necessary vacuum 
energy bias, domain- wall domination will ensue and lead 
to the genesis of primordial blackholes. The evaporation 
of these balck holes must reheat the universe. BBN con- 
straints then suggest a minimum barrier scale of order 



10~^Mp. We showed that these priomordial balck holes 
cannot survive to be part of cosmic dark matter. Our 
bottom-up approach could be viewed as a phenomeno- 
logical guide for future landscape model-building. 
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